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The possibilities to study cerebral circulation with the simple and robust method of 
conventional angiography were recognized early by Edgar Moniz, the developer of 
cerebral angiography (1). Depending on the definitions of cerebral circulation, the 

period of time between contrast enhancement of the carotid syphon and the cerebral veins 
can range between 3 and 4 seconds (s) (2). By percutaneous puncture and direct injection of 
contrast into the carotid artery, Greitz (3) found a cerebral arteriovenous circulation time of 
4 s in patients less than 40 years old compared to 4.2 s in older patients. Regional arteriove-
nous circulation time, defined as the time between maximum contrast filling of the carotid 
syphon to maximum filling of the regional veins was about 4 s in the frontal and between 4 
and 5 s in the occipital lobes (4). Arterial circulation time is angiographically defined as the 
time between the start of opacification until complete washout of the contrast in the termi-
nal arterial branches, which ranges between 1 s in the frontal and 1.5 s in the parietal lobes. 

The interval between the end of the arterial filling and the beginning of the venous phase 
is angiographically defined as intermediate circulation time, or parenchymal phase, and 
varies from 0.25 to 1 s. With the recent improvements in biplane, flat panel digital subtrac-
tion angiography (DSA), the passage of the radiopaque contrast agent can be investigated 
with high resolution in space (200 µm) and time (120 ms). It is now the commonly accepted 
gold standard in interventional neuroradiology for assessing vascular perfusion in stenosis 
which causes altered, prolonged, or even missing cerebral circulation.

Over the last decades, improvements in functional computed tomography (CT) and mag-
netic resonance imaging (MRI) enabled minimally invasive measurement of the cerebral 
circulation and brain perfusion with intravenous injection of iodine based x-ray or gado-
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PURPOSE 
Arterial spin labeling (ASL) magnetic resonance imaging to assess cerebral blood flow (CBF) is of 
increasing interest in basic research and in diagnostic applications, since ASL provides similar in-
formation to positron emission tomography about perfusion in vascular territories. However, in 
patients with steno-occlusive arterial disease (SOAD), CBF as measured by ASL might be under-
estimated due to delayed bolus arrival, and thus increased spin relaxation. We aimed to estimate 
the extent to which bolus arrival time (BAT) was delayed in patients with SOAD and whether this 
resulted in underestimation of CBF.

METHODS
BAT was measured using digital subtraction angiography (DSA) in ten patients with high-grade ste-
nosis of the middle carotid artery (MCA). Regional CBF was assessed with pseudocontinuous ASL. 

RESULTS
BATs were nonsignificantly prolonged in the stenotic hemisphere 4.1±2.0 s compared with the 
healthy hemisphere 3.3±0.9 s; however, there were substantial individual differences on the ste-
notic side. CBF in the anterior and posterior MCA territories were significantly reduced on the 
stenotic hemisphere. Severe stenosis was correlated with longer BAT and lower quantified CBF.

CONCLUSION
ASL-based perfusion measurement involves a race between the decay of the spins and the de-
livery of labeled blood to the region of interest. Special caution is needed when interpreting CBF 
values quantified in individuals with altered blood flow and delayed circulation times. However, 
from a clinician’s point of view, an accentuation of hypoperfusion (even if caused by underesti-
mation of CBF due to prolonged BATs) might be desirable since it indexes potentially harmful 
physiologic deficits.
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linium-based contrast agents. Recent de-
velopments of arterial spin labeling (ASL), 
a completely noninvasive MRI technique, 
enable measuring and quantifying cere-
bral perfusion in terms of cerebral blood 
flow (CBF) using labeled blood itself as an 
endogenous contrast agent instead of x-ray 
or contrast agents, which must be injected 
intravenously for perfusion CT/MRI or even 
intra-arterially for conventional catheter an-
giography. 

ASL has reached an increasing relevance 
in the characterization of physiologic and 
pathophysiologic cerebral processes in 
cerebrovascular diseases, degenerative dis-
orders, psychiatric diseases, as well as in the 
field of basic neuroscience (5–9). The blood 
entering the brain through the carotid and 
the vertebral arteries is magnetically labeled 
in a tagging block during a given time peri-
od, which serves as an endogenous tracer. 
In more detail, the application of radiofre-
quency pulses to the hydrogen nucleus of 
the water molecules (actually the carrier of 
the “tagging information” together with the 
blood) changes its quantum physical ener-
gy state, from a most probable ground state 
to a state of elevated energy (10). However, 
there are some methodological and physi-
ologic aspects that need to be considered 
when measuring and quantifying CBF using 
ASL measurements. 

In whole brain ASL recordings, the blood 
is usually labeled on the level of the cervical 
internal carotid artery just below the base 
of the skull; therefore, one must account 
for the time the blood takes to reach the 
cortical capillary bed. This is achieved by 
introducing a post-label delay (PLD) be-
tween labeling and readout. However, the 
maximal possible PLD depends on the sig-
nal decay of the labeled spins (T1 decay) in 
brain tissue, thus it should be compatible 

with the arterial transit times. In patients 
with a steno-occlusive arterial disease 
(SOAD), arterial transit times can be pro-
longed due to narrowing and obstruction 
of arteries and hence, blood flow. Since the 
introduction of ASL, studies have used this 
technique in SOAD with mixed success. On 
the one hand, bolus arrival time (BAT) delay 
effects have produced uncertainty about 
absolute CBF quantification, since it could 
lead to an underestimation of CBF (11). On 
the other hand, delay specific patterns have 
been pragmatically used to identify he-
modynamically relevant stenosis (12). The 
narrowing of arteries in SOAD due to thick-
ening of arterial walls or obstruction of an 
artery due to accumulation of plaques can 
impair blood flow and perfusion of brain pa-
renchyma, causing steno-occlusive disease. 
This narrowing can affect the extracranial 
and internal carotid arteries, the vertebral 
arteries, and the intracranial arteries. Blood 
flow in SOAD can consequently be altered 
due to obstruction of the blood vessels. For 
ASL MRI in SOAD, an additional problem 
is that obstructed arteries can cause a de-
layed and dispersed bolus, resulting in un-
even delivery of magnetically labeled blood 
to the parenchyma. Hence, labeled blood 
from obstructed arteries arrives in the read-
out plane later than that from an unaffect-
ed artery. With standard ASL sequences as 
provided by MRI scanner manufacturers, 
the readout is at a fixed time point after la-
beling (fixed PLD), and such sequences are 
sensitive to arterial transit time effects (13). 
Therefore, it is crucial to know whether the 
chosen PLD causes the readout to happen 
before the bolus of magnetically labeled 
blood arrives, because this could lead to 
underestimation of CBF that is superim-
posed on a possible true reduction of CBF. 
This problem can be partially addressed by 
using multi-delay readout ASL techniques 
that are less sensitive to transit time effects 
and thereby able to approximate true per-
fusion (14–16). However, multi-PLD tech-
niques are not yet standard on MRI plat-
forms. Nevertheless they provide valuable 
research tools to understand abnormal per-
fusion in steno-occlusive disease. Under-
standing the effect of delayed arrival times 
will facilitate the proper interpretation of 
ASL perfusion images in routine clinical 
imaging. Yun et al. (17) showed that in the 
case of intracranial stenosis, the correlation 
between CBF values from ASL and dynamic 
susceptibility contrast perfusion MRI weak-
ens when transit times are slightly delayed, 
but not when extremely delayed. Chng et 
al. (18) assessed collateral flow with DSA 

and territorial multi-PLD ASL and found 
that in at least a subset of patients with ei-
ther intra- or extracranial stenosis, arrival of 
the delayed bolus via collaterals only yield-
ed ASL signal for longer PLDs. This indicates 
a delayed but preserved CBF, which might 
be underestimated by single delay ASL. 
However, their work did not comment on 
absolute delay time and leaves to question 
the extent of BAT prolongation and wheth-
er CBF is underestimated.

Clinical recommendations for the treat-
ment of SOAD vary according to the sever-
ity of the narrowing/obstruction, history of 
stroke, risk factors, and life expectancy for 
the patients; but in general these patients 
need to be treated when diagnosed. To gain 
insight into the value of standard ASL in the 
context of SOAD, the aim of the current in-
vestigation was twofold: 1) to estimate to 
what extent BAT (measured by DSA as gold 
standard for assessment of hemodynam-
ic properties besides other contrast me-
dia-based perfusion measures) from label-
ing to the parenchymal phase of cerebral 
perfusion is delayed in patients with SOAD 
and 2) whether prolonged circulation times 
result in underestimation of CBF given the 
commonly applied PLDs. 

Methods 

Subjects
We included patients with symptomatic 

intracranial stenosis of the internal carot-
id artery (ICA) and/or the middle cerebral 
arteries (MCA), examined by DSA and ASL 
in the diagnostic workup of revasculariza-
tion (endovascular or neurosurgical) ther-
apy. Ten patients with SOAD (6 women, 4 
men; mean age±standard deviation, 56±12 
years) met the inclusion criteria. Eight pa-
tients had unilateral stenosis; seven on the 
left side and one on the right side, while two 
patients harbored bilateral stenoses. Aver-
age grade of stenosis was 68.9%±12.3%. 
The study was approved by the local ethical 
committee, and all patients gave their writ-
ten informed consent.

Pseudocontinuous arterial spin labeling
MRI was performed on a 3.0 Tesla (T) sys-

tem (Magnetom TRIO, Siemens Medical). 
T1-, T2-, and diffusion-weighted imaging 
sequences were performed on a routine ba-
sis as well as time-of-flight and contrast-en-
hanced first pass gadolinium MRA of the 
head and neck vessels.

Pseudocontinuous ASL (pCASL) was 
used with the following parameters (19): 
60 Hanning window-shaped radiofre-
quency pulses with duration 0.5 ms and 

Main points

•	 Patients with a full or partial occlusion 
of carotid arteries may be assessed and 
clinically screened with noninvasive arterial 
spin labeling (ASL) MRI. 

•	 However, there are some physiologic 
factors such as delayed bolus arrival times 
(BAT) in these patients that could lead to 
underestimation of cerebral blood flow 
(CBF).   

•	 We found that severe stenosis was correlated 
with longer BAT and lower quantified CBF. 
Hence, CBF quantification models might 
require the option to integrate and correct 
for inter-individual differences in BAT.



space between radiofrequency pulses of 
0.9 ms; flip angle, 25°; slice-selective gra-
dient, 6 mT/m; tagging duration (τ), 1720 
ms; PLD, 1500 ms; and TR/TE, 4000 ms/13 
ms 120 volumes. Fourteen axonal slices 
with 6 mm thickness were placed paral-
lel to the anterior-posterior commissure 
line. The labeling block was 9 cm below 
the isocenter of the readout slices (Fig. 1). 
We used a pCASL sequence that should 
provide good signal-to-noise ratio (SNR) 
and reduced sensitivity to transit time 
effects when delta T is sufficiently small 
with respect to T1 of blood (allows for spin 
exchange with tissue water before spin 
decay) (19, 20). Image processing and CBF 
quantification were performed in SPM8 
and with in-house written Matlab routines 
(MATLAB, The MathWorks, Inc.). 

The raw images were first realigned to 
their mean to correct for motion distortions 
and co-registered to the individual ana-
tomical scans. Secondly, we constructed a 

flow-time series by simply subtracting the 
labeling images from the control images. 
This difference signal is proportional to CBF 
(21). The quantification to absolute CBF im-
ages was based on a single vascular com-
partment perfusion model as described 
below (22):

where the parameters were set as 
post-labeling delay (ω)=1500 ms (adjusted 
for each slice), tagging duration τ=1720 ms, 
blood/tissue water partition coefficient λ = 
0.9 [g/mL] and tagging efficiency α=0.85 
(20). For 3.0 T, the decay time for labeled 
blood T1b was assumed to be 1490 ms. M0 
are the equilibrium brain tissue magnetiza-
tion images and were computed by averag-
ing the control images (8, 23, 24).

Mean CBF images for the entire pCASL 
data-series were calculated. CBF and ana-
tomical images were all normalized to the 

normalized standard Montreal Neurological 
Institute (MNI) template (SPM8).

Finally, correlation analysis between the 
quantified CBF in the watershed areas of 
the MCA (defined with the WFUPickatlas in 
SPM (25), Table 1) and the rank-transformed 
BAT times was performed. 

Digital subtraction angiography
Diagnostic DSA was performed on a bi-

plane, flat panel angiographic system (Ax-
iom Artis Zee, Siemens Medical). Details 
of the equipment, techniques and instru-
ments have been described elsewhere (26). 
Briefly, four vessels cerebral DSA was per-
formed in all patients by transfemoral ap-
proach. A nonionic iodinated contrast agent 
was injected through 5F catheter into both 
common carotid and at least the dominant 
vertebral artery. The passage of 8 mL con-
trast bolus through the carotid artery and 
its branches was imaged simultaneously in 
two planes by DSA in a time frame of 3–7 
images per second. Complete DSA series, 
including the unenhanced mask images 
and late phase venous phase as well as the 
raw data were transferred and stored at the 
Picture Archiving and Communicating Sys-
tem, which enables image postprocessing, 
including remasking and motion correction 
for the retrospective re-evaluation of the 
data, to be performed by neuroradiologists 
with experience between five years and 
more than 20 years in diagnostic and inter-
ventional neuroangiography.

Cerebral flow parameters of the DSA series 
with normally up to 10 s duration (including 
120 biplane images from the unenhanced 
mask to the late venous phase with 60 imag-
es in each plane) was performed retrospec-
tively by analysis of the DSA images by the 
authors M.H., F.K., M.E., K.J., and G.S., who has 
more than 20 years of experience. 

Corresponding to state of the art mea-
surements by serial angiogram, BATs were 
estimated from a time point (TP-0) of proper 
opacification of the internal carotid artery 
just below the level of skull base (the level at 
which the ASL labeling block was placed), to 
different consecutive filling times of different 
vascular compartments for the healthy and 
stenotic hemispheres. The assessed time 
points for vascular compartments (Fig. 2) 
were the following: TP-0, 0 s: distal cervical 
segment of the internal carotid artery, just 
below the skull base and entering of the 
carotid artery into the bony carotid canal, 
corresponding to the labeling plane in ASL; 
TP-1: contrast opacification of the M1-M2 
segments of the MCA; TP-2: appearance of 
small arteries; TP-3: disappearance of arter-
ies and faint opacification of arterioles and 
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Figure 1. Arterial spin labeling recording setup and sequence parameters. AC, anterior commissure; 
PC, posterior commissure.

Table 1. MNI coordinates for the watershed areas of the middle carotid arteries   

	  		  Center of mass (MNI coordinates)

 	  	 X	 Y	 Z

MCA anterior	 Left	 27.6	 78.2	 57.2

	 Right	 66.5	 78.4	 56.3

MCA posterior	 Left	 25.0	 31.9	 59.1

	 Right	 67.9	 31.8	 57.9

MNI, Montreal Neurological Institute; MCA, middle carotid arteries.
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the preparenchymal phase; and TP-4: pa-
renchymal phase, angiographically defined 
as diffuse contrast enhancement due to 
contrast in small vessels below the spatial 
resolution of DSA, resulting in an increase of 
x-ray attenuation of the pixel without direct 
outline of separate arteries or veins). Of spe-
cial interest was the BAT calculated from the 
labeling plane TP-0 to the early parenchymal 
phase (TP-4) which was assumed to repre-
sent the time that labeled blood required at 
minimum to be considered as true perfusion 
in a physiologic sense. Furthermore, BAT dif-
ferences for the healthy and stenotic hemi-
spheres were calculated with regard to the 
severity of the occlusion.

Grading of stenosis was measured directly 
in millimeters, which is routinely implement-
ed in the biplane modern angiography sys-
tems. In addition, relative values of stenosis 
were calculated: the minimal diameter of the 
stenosis was compared with the normal di-
ameter proximally or distally from the steno-
sis and expressed as percentage of stenosis 
in accordance to NASCET criteria (27) and 
Schumacher et al. (28). These values, indicat-
ing the severity of stenosis were then non-
parametrically correlated (Spearman’s rank 
correlation) to the BAT times.

To further elucidate a potential difference 
between severity of stenosis and CBF and 
BAT, we divided the sample into patients with 
low-grade stenosis (<60%) and moderate to 
high-grade stenosis (>60%). We compared 
the CBF and BAT values of these subgroups 
using two-sample t-tests and within the sub-
groups between healthy and stenotic hemi-
spheres using paired-sample t-tests. 

Model fit to separate BAT effects and 
stenosis effects on CBF

In order to estimate the effect of stenosis 
on CBF while accounting for the BAT bias, 

we computed a general linear model with 
individual CBF values for the anterior and 
posterior perfusion territories of the MCA, 
respectively, as dependent variables, and 
individual BATs from healthy and stenotic 
hemispheres as independent variables. We 
included an additional binary predictor 
into the model that coded for stenotic and 
healthy respectively (LS/H being logical 1 
for stenotic and 0 for healthy). 

CBF = b0 + b1 * BAT + b2 * LS/H + e

Under the assumption that only BAT af-
fects CBF and stenosis does not cause true 
hypoperfusion, the beta-estimate for the 
binary predictor (β2) should be zero, and 
non-zero otherwise (i.e., if stenosis causes 
a hypoperfusion). Significance of model fits 
was computed by an asymptotic chi-square 
statistic based on the deviance of the test-
ed-models including a grouping variable 
for stenosis versus their reduced-models 
without the grouping variable.

For statistical analyses and tests we used 
the MATLAB Statistics Toolbox (The Math-
Works, Inc.).

Results
BATs were slightly prolonged on the  

stenotic hemisphere (4.1±2.0 s) compared 
with the healthy hemisphere (3.3±0.9 s) 
but only with a statistical trend (P(one-sided) = 
0.076) (Table 2). However, in the two wa-
ter-shed areas of the MCA (MCA anterior 
and MCA posterior) the mean CBF imag-
es showed reduced values in the stenotic 
hemisphere (mean±standard deviation 
[SD] for MCA anterior 44.5±15.9 mL/100 
g/min and MCA posterior 42.4±15.8 
mL/100 g/min) compared with the healthy 
hemisphere (mean±SD for MCA anterior 
51.8±16.8 mL/100 g/min and MCA poste-

rior 51.7±12.7 mL/100 g/min) (Fig. 3). Ex-
tracted CBF values for these two areas were 
significantly reduced (P(one-sided) = 0.050 for 
MCA anterior and P(one-sided) = 0.036 for MCA 
posterior). Correlations of CBF values with 
the estimated BAT to these areas as defined 
in the DSA images were significantly neg-
ative for MCA anterior (P = 0.022, r=-0.51, 
R2=0.26; Fig. 4a) and MCA posterior (P = 
0.045, r=-0.45, R2=0.20; Fig. 4b). Moreover, 
the correlation analysis between the se-
verity of the stenosis and the BAT revealed 
a significant positive correlation (P = 0.020, 
r=0.68, R2=0.51; Fig. 4c). Finally, under the 
assumption that CBF should be reduced 
with increasing stenosis, the correlation 
should be negative. We found a negative 
correlation in both watershed areas; how-
ever, the effect did not reach significance 
(MCA posterior r=-0.54, P = 0.055; MCA an-
terior r=-0.29, P = 0.207).

Thus, more severe stenosis was associ-
ated with longer BAT and lower quantified 
CBF. Moreover, Fig. 4c suggests that higher 
grades of stenosis resulted in a more pro-
nounced prolongation of circulation times. 
The half-split subgroup analysis (beside the 
fact that the number of patients is small) 
revealed that BATs prolonged only in the 
group with moderate to high-grade (grade 
>60%) stenosis (mean BAT: healthy 3.48 s vs. 
stenotic 5.0 s, P = 0.069 [trend]), while for the 
low-grade group, BAT was similar on both 
hemispheres (mean BAT: healthy 3.2 s vs. 
stenotic 3.2 s, P = 0.5 [nonsignificant]). Fur-
thermore, CBF in the MCA was significantly 
reduced for high-grade patients (MCA ante-
rior t=-2.15, P(one-sided) = 0.049; MCA posterior 
t=-4.99, P(one-sided) = 0.004), while in the low-
grade group CBF in the healthy and ste-
notic hemispheres were comparable (MCA 
anterior t=-0.24, P = 0.411; MCA posterior 
t=0.32, P = 0.381). 

Figure 2. Approximated bolus arrival times from tagging plane to different vascular compartments demonstrated by digital subtraction angiography in a 
view following contrast injection into the left common carotid artery. Note the collateral flow to the contralateral hemisphere due to occlusion of the right 
internal carotid artery with a time delay of about 0.3 s only.
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Generalized linear models showed a 
moderate goodness-of-fit as calculated by 
pseudo-R2 (0.12 and 0.25 for MCA anteri-
or and MCA posterior, respectively). Sig-
nificance of model fits were computed by 
comparing the tested models versus the re-
duced models and proved highly significant 
(P = 1.802e-29 and P = 3.695e-48 for MCA 
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Figure 3. Mean cerebral blood flow (CBF) across the stenotic hemispheres (right side) and the healthy hemispheres (left side) of the nine patients. 
Reduced CBF in the watershed areas in the stenotic hemisphere can be observed.

Table 2. Patient characteristics including patient’s age, side and grade of stenosis, estimated BATs for stenotic and healthy hemispheres, and visible 
collaterals 

		  Affected 			   BAT (s)	 BAT (s) 
Patient No	 Gender	 cerebral arteries	 Grade (%)	 Side	 Stenotic	 Healthy	 Age (years)	 Collaterals

1	 M
	 ICA	 60	 Left	

3.3	 2.7	 39	 Left ACA by right A1 
		  ACOM	 Hypoplastic 	 Left				  

		  MCA/ICA	 99	 Left	

2	 F
	 PCOM	 99	 Left	

5	 3.3	 73	 Insufficient bypass 
		  PCA2	 90	 Left				  

		  ACOM	 Hypoplastic 	 Right				  

3	 F
	 MCA1	 60	 Right	

3	 3	 65	 No collaterals
		  ICA	 40	 Left				  

4	 F	 MCA1	 60	 Left	 2.7	 2	 63	 No collaterals

5	 M
	 MCA/ICA	 60	 Left	

4	 5	 47	 ACOM prominent (ACA1) PCOM hypoplastic
		  MCA/ICA	 50	 Right	 5			 

6	 M	 MCA1	 74	 Left	 9.3	 4.7	 49	 Pial collaterals via ipsilateral ACA

7	 F
	 MCA/ICA	 65	 Left	

3	 3	 71	 No collaterals
		  MCA/ICA	 40	 Right	 3			 

		  ICA	 73	 Left	

8	 F	 ACOM	 Hypoplastic 	 Left	 3.7	 2.7	 44	 Vertical-MCA1

		  PCOM	 Prominent	 Left				  

9	 F	 MCA1	 60	 Left	 3	 3.3	 48	 No collaterals

10	 M	 ICA	 70	 Left	 4	 3.7	 61	 No collaterals

BAT, bolus arrival time; M, male; F, female; ICA, internal carotid artery; ACOM, anterior commissure of circle of willis; ACA, anterior carotid artery; MCA, middle carotid artery; PCOM, 
posterior commissure of circle of willis; PCA, posterior carotid artery. 

Table 3. Generalized linear model fit parameters for anterior and posterior MCA territories

 	 Anterior MCA	 Posterior MCA

β0 (intersect)	 61.30	 63.25

β1 (BAT effect)	 -2.83	 -3.45

β2 (stenosis effect)	 -5.21	 -6.74

MCA, middle carotid artery; BAT, bolus arrival time.
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anterior and MCA posterior, respectively). 
Model estimation revealed that even when 
accounting for BAT, the stenotic hemisphere 
showed hypoperfusion of -5.21 mL/100 g/
min in the anterior MCA territory and -6.74 
mL/100 g/min in the posterior MCA territo-
ry. This shows that, for a similar BAT, CBF on 
the stenotic hemisphere was lower. Addi-
tionally, reduction of CBF due to BAT yielded 
a reduction of 2.83 mL/100 g/min for every 
second of delay in the anterior MCA territo-
ry and a -3.45 mL/100 g/min reduction for 

every second of BAT in the posterior MCA 
territory (Table 3). Adjusting the CBF values 
for BAT in the healthy and stenotic territories 
according to the model fit parameters still 
provided a statistically significant difference 
between the hemispheres (MCA anterior: t= 
-2.6220, P(one-sided) = 0.014; MCA posterior: t= 
-3.10, P(one-sided) = 0.006).

Discussion
Our study showed that BATs were pro-

longed in the stenotic hemisphere 4.1±2.0 s 

compared with the healthy hemisphere 
3.3±0.9 s; however, there were substantial 
individual differences on the stenotic side. 
Along with prolonged BAT, CBF in the an-
terior and posterior MCA territories were 
significantly reduced on the stenotic hemi-
sphere. This suggests that prolonged BAT 
causes underestimation of CBF in affected 
perfusion territories. Notably however, GLM 
modeling showed that for a similar BAT, 
CBF on the stenotic hemisphere still shows 
hypoperfusion. Finally, higher grade of ste-
nosis was correlated with longer BAT and 
lower quantified CBF.

To quantify cerebral perfusion, positron 
emission tomography (PET) is regarded as 
the gold standard; however, it suffers from 
known limitations including limited avail-
ability, handling of radioactive substances, 
rather low spatial resolution, and high so-
cioeconomic costs. Dynamic susceptibility 
contrast (DSC) MRI perfusion technique, a 
gadolinium-based technique, has several 
disadvantages including the fact that it only 
provides relative perfusion values, and it re-
quires contrast injection, which is invasive 
and not without side effects, especially in 
patients suffering from renal diseases. 

ASL emerged as an attractive, alterna-
tive noninvasive technique that uses the 
inflowing water spins in the artery as an 
endogenous contrast and provides quan-
titative measurements of CBF. The measure 
of blood flow per mass of tissue per minute 
is the established surrogate marker for the 
underlying metabolic processes. However, 
in physiology, brain perfusion is defined 
as the process of nutritive delivery to the 
brain tissue, which only takes place within 
the cortical capillaries (29). Accordingly, CBF 
measurements aim to represent the paren-
chymal phase of cerebral blood circulation. 

Unfortunately, the commonly available 
ASL sequences have drawbacks related to 
the physical characteristics of the signal 
(spins and their relaxation) and the physi-
ologic phenomenon (perfusion in capillary 
bed) they tend to assess. In healthy subjects, 
arterial transit times (to the level of Broca’s 
knee) of 1600±100 ms have been estimat-
ed using ASL (30). In the same study, tissue 
transit time, or the time that is needed to 
reach the capillary/tissue compartment, 
was calculated to be 1930±110 ms. Other 
modalities, e.g., DSC-MRI and PET, found 
mean transit times to the cerebral cortex 
as 2.8 to 4.3 s (31). These values, as well as 
our results from conventional angiography, 
indicate that the optimal PLD for ASL mea-
surements to capture spin exchange with 
tissue (true perfusion) is at the outer limit or 
beyond the time window of T1 decay where 

Figure 4. a–c. Correlation plots displaying the relation between the individual bolus arrival times 
(BATs; rank transformed) and the quantified CBF values in the anterior watershed area (a) and 
the posterior watershed area (b) of the middle carotid artery (MCA). Nonparametric correlation 
(c) displaying the relation between the individual BATs and the estimated grade of stenosis [%] 
according to NASCET criteria (27) and Schumacher et al. (28). 
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most spins are still inverted and optimal 
SNR can be achieved. 

This complicates measurements in pa-
tients with impaired blood flow dynamics or 
with cerebral vascular diseases. In patients 
with SOAD distal to the labeling plane (in-
tracranial stenosis), the arrival times and tis-
sue transit times are likely to be prolonged 
and dispersed. 

In the current study, we aimed to esti-
mate to what extent BAT, from labeling to 
the parenchymal phase of cerebral perfu-
sion, is delayed in patients with SOAD, and 
whether prolonged circulation times result 
in underestimation of CBF given the com-
monly applied PLDs. This effect would re-
sult in an accentuation of CBF asymmetries 
in cases of high-grade stenosis. As reduced 
CBF is associated with impairments in cog-
nitive functions due to chronic hypoperfu-
sion, it is of interest to correctly detect such 
changes. Moreover, restoration of perfusion 
might lead to improved cognitive function 
after neurovascular therapy.

In the present study, we found reduced 
CBF in the flow territories of the anterior 
and posterior MCA of the stenotic hemi-
sphere, while on the healthy hemisphere 
CBF was within normal range (32). In ad-
dition, we found prolonged cerebral circu-
lation time due to the steno-occlusive dis-
ease and determined that this prolongation 
was associated with lower CBF values in the 
cortical regions of interest. In the healthy 
hemisphere, BAT to the parenchyma was 
around 3.3 s, while in the hemisphere with 
an intracranial stenosis, there was a nonsig-
nificant prolongation (4.1 s). These values 
represent the transit delay between the ASL 
tagging block and the first readout slice 
(33), and are in line with the values reported 
in the literature for healthy subjects (2, 3). 
Moreover in patients with SOAD, increased 
timing parameters such as transit time and 
trailing edge time in the hemisphere ipsilat-
eral to the occlusion were reported (5), and 
DSC-MRI revealed 1.75 s delay in bolus ar-
rival and a dispersion of the bolus (34). 

During this transition time, substantial 
T1 decay of the signal already occurs. Also, 
ASL quantification models (35) assume that 
inverted spins remain inverted until they 
have fully exchanged with tissue water at 
the region of interest (well mixed compart-
ment) (10). This fit presumes that circulation 
times must be sufficiently short compared 
with the T1 relaxation of blood water. If the 
inverted spins relax before exchange with 
tissue water, then CBF is underestimated 
because fewer spins and subsequently re-
duced signal is measured within the cere-
bral cortex. 

Another assumption is that the inverted 
spins in arteries do not contribute to the 
signal intensity change. The extraneous in-
verted spins can be accounted for by imple-
menting crusher gradients in advanced ASL 
sequences that diminish the arterial signal 
by saturating blood in the vasculature (13, 
36). Furthermore, insensitivity to arterial 
transit times can be achieved when the PLD 
is longer than the circulation time (13). But 
as our results demonstrate, the standard ASL 
single PLD as used in our study is not longer 
than the BAT. Usual delay times in ASL pro-
tocols are within 1 to 2 s. Together with the 
duration of the labeling (1.5 to 1.8 s), blood 
from different vascular compartments 
would be sampled. The leading edge of 
the bolus is already within the capillary bed 
(in our setting 1.5+1.72=3.22 s) while the 
trailing edge of the bolus is still within the 
small arteries (1.5 s). However, T1 decay at 
3.0 T is approximately 1.6 s, plenty of time 
for the blood in the capillary bed to almost 
fully relax and produce only very low SNR 
(37). The time-window of sufficient SNR for 
ASL acquisition, which is limited by the PLD 
and the associated T1 relaxation (38), is at 
the outer limit to sample signals from blood 
in the parenchymal phase with usual ASL 
recording parameters as used in this study. 
As a result, some assumptions of the ASL 
quantification models would be violated, 
and signal acquisition from blood in distinct 
vascular compartments and underestima-
tion of quantified CBF values will hamper 
interpretation of ASL CBF maps.

The relation of BAT to quantified CBF in 
the watershed areas supports this observa-
tion (Fig. 3). The longer is the BAT, the lower 
is the CBF. This is a result that would be ex-
pected based on the quantification models 
when spins are not fully inverted once sig-
nal is sampled from the respective area. In 
cases with abnormally long BAT (>5 s) (39), 
a complete relaxation of the spins and thus 
zero CBF was assumed. However, collateral 
flow is rapid and can partly compensate for 
the delayed delivery of blood from the main 
feeding artery, resulting in detectable sig-
nal and preserved CBF in ASL. Another ob-
servation made by subgroup analysis in the 
present patient sample suggests that BAT 
was only delayed in patients with >60% ste-
nosis, while lower grade of stenosis exhibit-
ed normal circulation time. Given this find-
ing, we hypothesize that only moderate to 
high grade of stenosis produces decreased 
CBF. This could either be due to a real phys-
iologic deficit or due to an underestimation 
of CBF caused by the delayed bolus arrival, 
or fewer tagged blood than assumed by the 
quantification model. To elucidate the con-

tributions of BAT and true hypoperfusion 
on the reduced CBF values, we computed a 
general linear model. The results confirmed 
that BAT caused a reduction of CBF in the 
watershed areas of the anterior and pos-
terior MCA territories; although, this effect 
was in addition to a true physiologic hy-
poperfusion. After correcting CBF values for 
BAT effects, there was still a significant dif-
ference between the healthy and stenotic 
hemispheres. For these reasons, CBF values 
in SOAD are reduced on the affected hemi-
spheres and can be overemphasized if BAT 
is prolonged. 

This study demonstrates an inability to 
distinguish a real physiologic hypoperfu-
sion from a possible ASL quantification 
model-based underestimation of CBF, if 
BATs are unknown. Nevertheless our re-
sults revealed the coupling of stenoses to 
delayed circulation times and reduced CBF 
values.

Since ASL has become part of the stan-
dard vendor packages for MRI systems, the 
possibility to noninvasively measure brain 
perfusion has gained interest with clinicians 
and researchers in different fields. However, 
knowledge of the underlying physiologic 
conditions and limitations of the ASL tech-
nique is crucial to the interpretation of re-
sults. This study may help to understand 
low CBF values on ASL maps in the context 
of SOAD. Furthermore, it demonstrates 
how to calculate post-label delay times in 
healthy subjects. From a clinician’s point 
of view, an accentuation of hypoperfusion 
(even if caused by underestimation of CBF 
due to prolonged BATs) could be desirable 
since it indexes potentially harmful physi-
ologic deficits. With this study, we wanted 
to address the problem of prolonged BATs 
in SOAD and how this affects the CBF val-
ues. This is an important caveat of standard 
single PLD ASL sequences that users in clin-
ical settings need to be aware of. Our study 
demonstrates that reduced CBF represents 
physiologic hypoperfusion, but can be ex-
aggerated due to underestimation caused 
by prolonged BAT. Even an underestimation 
of CBF due to BAT can highlight potential 
hemodynamically relevant stenosis, which 
can then prompt further follow-up with 
more invasive procedures. According to our 
findings, we believe that ASL has the poten-
tial to develop into a screening tool, since it 
is easily applicable, not very time consum-
ing, and completely noninvasive. Also ASL 
screening might unveil an unknown SOAD 
when patients and subjects are examined 
for other clinical or research reasons. In ad-
dition, patients need to be followed after 
endovascular treatment to observe reversal 
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of hemodynamic abnormalities. ASL us-
ing endogenous contrast via spin labeling 
would be a very convenient method to 
evaluate the efficacy of the intervention in 
terms of restoration of CBF.

In conclusion, the measurement of perfu-
sion using ASL remains a race between the 
decay of the spins and the delivery of labeled 
blood to the region of interest (33). Special 
caution is needed when interpreting CBF 
values quantified in individuals with altered 
blood flow and delayed circulation times. 
CBF quantification models might require 
integration and correction of inter-individ-
ual differences in BAT. In any case, ASL is 
suggested as a valuable tool for clinical as-
sessment of SOAD patients as it emphasizes 
areas with altered perfusion and might even 
reflect the grade of stenosis. 
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